Complex of cerium (III) with (E)-N-benzylidene-4-methoxyaniline is synthesized through a one-pot three-component reaction from aromatic aldehyde, aromatic amine and the CeCl 3 · 7 H 2 O, as an efficient catalyst. This cerium (III) complex is characterized by IR, 1H, and 13C NMRspectroscopy and mass-spectral data. Molecular structure, Mullikan charges, thermodynamic parameters; vibrational frequencies and intensities were calculated by Density Functional theory methods (B3LYP, B3PW91, mPW1PW91 and PBEPBE) using the SDD basis set. The comparison between the calculated and experimental data in order to attain the best quality and to predict the structure, the best performance in the vibration spectra perfected of the title compound, we have found that the harmonic vibration computed are in a good agreement with the observed in IR spectrum, for closest match we calculated optimal scaling factors can recommend for the IR spectral future predictions for unknown compounds of this class. In order to better comparison, we also root mean square values of the experimental and calculated IR bands are 16.64, 16.64, 17.45, 17.66 and the mean absolute percentage error values are 1.33, 1.39, 1.40, and 1.5 for B3LYP, B3PW91, mPW1PW91, and PBEPBE methods respectively.
INTRODUCTION
Schiff bases [1] [2] [3] [4] [5] [6] [7] and their metal complexes represent one of the most areas of material science, catalysis and chemical research [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . The efficiency of these compounds often enhanced upon coordination to a metal has been proven for the drug action acceleration of therapeutic agents [22] [23] [24] [25] [26] and for multi-compounds reaction where these complexes are used as intermediates. Recently, extensive research has surrounded the synthesis of lanthanide complexes and precisely the cerium (III) complexes using cerium (III) heptahydrate (CeCl 3 · 7 H 2 O) 27 .
This compounds are prepared by a reaction of a primary amine with an aldehyde and CeCl 3 • 7 H 2 O as a catalyst (Figure 1 ). In this present work a cerium (III) complex of new Schiff base (E)-Nbenzylidene-4-methoxyaniline noted (P2-CeCl 3 ) has been synthesized and characterized by elemental analysis, IR, NMR and Mass spectral data [28] [29] [30] [31] [32] .
To our best knowledge no structural data and detailed interpretation of the vibrational spectra of the title compound are mentioned in the literature, this prompted us to look into the vibrational spectroscopy of this molecule more carefully. Therefore, this theoretical study aimed to determine molecular and chemical properties of (P2-CeCl 3 ).
An comprehensive theoretical study carried out for predict the optimized geometric parameters, the Mullikan charges, thermodynamic parameters and vibrational frequencies, involving the cerium (III). The Stuttgrat Dresden (SDD) effective core potential 33, 34 basis set was used with four DFT methods including B3LYP, B3PW91, mPW1PW91 and PBEPBE methods. For a comparative performance of these four different DFT methods, commit to the detailed theoretical and experimental investigation of the vibrational spectra of this molecule 35 .
So, a detailed interpretation of the vibrational spectra of the title compound has been made, in continuation of our theoretical studies, in the present work, we checked the relative performance of B3LYP, B3PW91, mPW1PW91 and PBEPBE methods at the SDD level taking the title compound as a test compound.
ExpERIMENTAL
In this work, we have found CeCl 3 • 7 H 2 O as an efficient catalyst for the synthesis of the imine complexed with CeCl 3 noted (P2-CeCl 3 ) at room temperature through a one-pot reaction of aromatic aldehydes, and aromatic amines in methanol. It is also noteworthy to mention that our environmentally benign reaction does not generate any toxic waste products. A possible mechanism for the formation of the complex proposed by Mazaahir Kidwai et al 21 is shown in Figure 1 .
Instrumental Analysis
All reagents used for the synthesis of the compound are commercially available and were used without further purification. IR spectra were recorded on a Shimadzu FTIR-8400 S spectrophotometer as KBr pellets in the frequency range 4000-400 cm -1 . 1H NMR and 13C NMR spectra were recorded on Nuclear magnetic resonance spectrometer type "AVANCE 300MHz de BRUKER " . Mass spectra (MS) were obtained by using electrospray ionization (ESI) technique.
preparation of p2-CeCl 3 Benzaldehyde (1 mmol) and paramethoxyaniline (1mmol) in MeOH (5 mL), were mixed and stirred at room temperature. To this, CeCl3 · 7 H 2 O (cerium chloride heptahydrate) (3 mol% ) was added. The progress of reaction mixture was monitored by TLC (using petroleum ether/AcOEt = 80:20 as an eluent). After completion of the reaction, the reaction mixture was evaporated under reduced pressure to give the powder product. The predicted structure of the product is shown in Figure 2 , it was unambiguously established on the basis of their spectral analysis (IR, 1H, 13C NMR and MS mass spectral data).
Characterization
P 2 -C e C l 3 : ( E ) -N -b e n z y l i d e n e -4 -methoxyaniline CeCl 3 
Computational details
In addition to the experimental study, we have used molecular orbital calculations to locate the most stable candidate structure, evaluate the accuracy of the geometries, provide the initial molecule model for structure solutions and investigate spectral properties of the studied complex. The DFT calculation of this com-pound (P2-CeCl3) were performed using GAUSSVIEW 5.08 molecular visualization program and the Gaussian 09 program package 33 . For calculations, involving the cerium (III), the Stuttgrat Dresden(SDD) effective core potential 34 basis set was used with the B3LYP, B3PW91, mPW1PW91 and PBEPBE methods, the vibrational frequencies were also calculated with these methods.
In the fitting processes performed to correct over estimations at the calculated harmonic frequencies, the values computed at these levels contain known systematic errors and therefore, scaling factors 0.9534, 0.9477, 0.9429 and 0.9795 for B3LYP, B3PW91, mPW1PW9,PBEPBE, respectively 34 . We have also calculated optimal scaling factors for all investigated methods. After this procedure, no imaginary mode was observed.
RESULTS AND DISCUSSION
The prediction of vibrational wave numbers was done at DFT (B3LYP, B3PW91, mPW1PW91, PBEPBE) levels with SDD basis set, as it has been well recognized as an efficient theoretical chemistry tool for studying vibrational properties of variety of molecule, positive wave numbers for each normal mode confirm the stability of the molecular structure obtained with minimum energy. As already known, the wave numbers calculated are almost systematically over estimated compared to the experimentally measured values, these differences are widely corrected by scaling the calculated values with factors corresponding to the methods used. The complex study has 33 atoms, which possess 93 normal mode of vibration where the Gaussview 5.08 package has been considered to get visual animation and also for verification of these normal assignment vibrational modes (IR). The predicted infrared spectra of our com-pound are shown in Figure 3 , a comparison between the calculated and the experimental data help us to understand the observed spectral frequencies, which are collected in two Tables 1 and 2 . According with results in this Tables, experimental fundamentals are in better agreement with the scaled fundamentals and are found to have a good correlation for the four methods used, we also calculated the mean absolute deviation, root mean square, TS (tacking signal) and the mean absolute percentage error between the calculated and experimental data. Careful examining and comparison of the experimental and calculated values may conclude the following observations for each vibration mode:
Imine group vibrations
The first type of vibration is the C=N stretching skeletal bands are observed in the range of 1650-1500cm -1 35-38 for the title compound, the strong ab-sorption at 1505 cm -1 due to nC=N frequencies. The calculated stretching vibration mode of the C=N (imine) group band of the complex with the four methods (see Figure 3 and Table 1 entry 18 for n(C=N) at the SDD basis set are 1507, 1519, 1526 and 1531 cm -1 (scaled), respectively. The second , the deformation C-H ( see Table 1 ) in infrared (the SDD calculations using the four methods) spectrum (see Figure 3 and entries 9 and 14 in Table 1 . In the vibration spectrum of this compound four bands observed which could be assigned to the following modes with different internals coordinates: 1266 and 1207 cm -1 for nC-O vibrations, dO-C at 552 cm -1 and torsion vibration at 444 and 410 cm -1 , observed in the same range with the calculated vibration.
Aromatic rings
The characteristic nC-H stretching vibrations of the aromatic ring are expected to appear in 3000-3100 cm -1 Frequency range 40, 41 . Although nine vibrational bands are predicted in this rang, the nC-H stretching vibration of the title compound is assigned to two strong bands. The first corresponds to the ring para-substituted and the second for the benzene ring at 3093 and 3067 cm -1 , in IR, respectively (entry 1 and 2 in Table 1 ).
For the phenyl ring (ring2), the bands observed at 1207 cm -1 in IR spectrum is assigned as C-H deformation. Also SDD calculation give these mode at 1197, 1199, 1202 and 1211 cm -1 , respectively, using the four methods (entry 33 
Ce-N and Ce-Cl vibrations modes
There is not far experimental data for this type of complexes, the complexes with Ce(III) ligand bonding is strongly ionic with small donor-acceptor character and supposes weak and not informative bands 47 , The Ce-N stretching vibrations are often coupled with other vibrational modes of the ring. For this purpose, the SDD calculation with the four methods offer explicit information and details about these modes vibrations, or you notice the appearance of this mode below 400 cm These results indicate a good agreement between theoretical and experimental data of the title compound at SDD basis set using B3LYP, B3PW91, mPW1PW91, PBEPBE functional and specially, B3LYP, which have the best agreement with the smallest difference between calculated and experimental frequencies.
Finally, we proposed and calculated the optimal scaling factors, which are recommended to get a very close frequencies. The obtained scaling factors are 0.9439, 0.9382, 0.9335 and 0.9697 for B3LYP, B3PW91, mPW1PW91, PBEPBE, respectively at the SDD basis set.
Molecular geometry
The molecular structure of the compound in the ground state (in vacuo) was optimized using density functional theory, The optimized geometrical parameters: bond length in Å, bond angles and dihedral angles in degree, determined with mPW1PW91, B3LYP, B3PW91 and PBEPBE methods at SDD basis set for molecule are collected in Table 2 in accordance with the atom numbering shown in Fig. 4 . The values of the distances be-tween the atoms and valence or torsion angles are very close in any calculation method.
Mulliken Atomic Charges
Mulliken atomic charge calculation in Table  3 has an important role in the application of quantum chemical calculation to molecular system because of atomic charges present a vital insight in the understanding of several kinds of chemical reactions and they are crucial to the elucidations of a number of other phenomena, effect dipole moment, molecular polarizability, electronic structure and more a lot of properties of molecular systems. In addition to the charge distribution on the molecule has an important influence on the vibrational spectra, they also are important factors in molecular structure-activity and structure-property relations 46, 48 . The total atomic charges of the imine complexed with CeCl3 obtained by the Mulliken Population Analysis (MPA), they were calculated using B3LYP, B3PW91, PBEPBE and mPW1PW91 levels with SDD basis set, were listed in Table 3 .
Our interest here is the comparison of the performance and assess the sensitivity of the calculated charges using different methods in order to describe electronic distribution in our complex and the influence of the presence of CeCl3, by comparing the MPA charges in the imine(P2) with imine complexed (P2-CeCl3).
In P2 and P2-CeCl3 compounds, more charge density was found at C14 linked to imine function (C=N) than that the other carbon atoms. The high positive charges at C6 is due to effect of oxygen atom (O26) of the methoxy group attached in the para position of ring 1 with C6. The charge distribution of the title compound shows that the carbon atoms attached with hydrogen atoms (C1, C2, C4, C5, C12, C15,C16,C17, C19, C21) are negative whereas the remaining carbon atoms are positively charged. The oxygen and nitrogen atoms have more negative charges whereas all hydrogen atoms have a positive charge. It is very clear from Table 3 that there is large change in Mulliken charges of the nitrogen atom (N11) in P2 and P2-CeCl3, and this variation reveals that there is charge transfer through the N-Ce bond, explained by the appearance of a strongly negative charge noted for the nitrogen atom, which is involved, as acceptor and the bigger positive charge is noticed on the cerium atom, as donor. This donor effect is due to the presence of electronegative nitrogen atoms; while the Cl atoms have a the highest negative charges in P2-CeCl3. All used methods have shown similar charges for each compound (imine and complex), where a change in charges distribution have been observed, for which the complex have the highest charges. 
Thermodynamic properties
The thermodynamic data can be used to compute the other thermodynamic energies according to relation-ships of thermodynamic functions and estimate directions of chemical reactivity according to the second law of thermodynamics in thermo chemical field, from which the relations among energy, structural and reactivity characteristics of the molecules can be clarified. Knowledge of permanent dipole moment of a molecule helps to determine the molecule's conformations 49 . On the basis of vibrational analysis and statistical thermodynamics. The thermodynamic parameters for the title compound were obtained from the theoretical harmonic frequencies namely heat capacity, entropy, rotational constants, vibration and vibrational zero point energies of the compound have also been computed at the DFT-B3LYP, B3PW91, mPW1PW91 and PBEPBE levels using SDD basis set are presented in Table 4 .
To better understand the complex formation, we note that there is a very large differences between the total energies and dipole moments of imine and the complex with used methods, this great difference shows the low reactivity or the high stability behavior, this explains the complex formation further than the imine formation. On un other hand, the high value of dipole moment of the P2-CeCl3 relative to that of the P2, could partly explain the high stability of the complex, which it is due to the presence of the donor effect of cerium which makes the nitrogen atom strongly electronegative. The biggest value of zero-point vibrational energy (ZPVE) is 153.56 kJ/ mol obtained with mPW1PW91 whereas the smallest one is 147.72 kJ/mol obtained with PBEPBE, While the total energies calculated by the four levels are very close.
CONCLUSION
The comprehensive studies of the molecular structure, Mullikan atomic charges and thermodynamic parameters of the complex formed (E)-N-benzylidene-4-methoxyaniline, CeCl3 suggested that the ligand acts as tetradentate one in the Ce(III) complex formation which is favored over the formation of imine, confirming the utility of the this catalyst (CeCl3) in the synthesis of imines and the nitrogen derivatives or imines training in situ. The comparison of the experimental and calculated frequencie , show that the experimental values are in a good agreement with SDD calculation results and obviously B3LYP function which has given the closets results. Optimal uniform factors were also calculated. Taking into account small variations between calculated and experimental data, we can recommend new scaling factors of 0.9439, 0.9382, 0.9353 and 0.9697 for B3LYP, B3PW91, mPW1PW91 and PBEPBE levels, respectively, at SDD basis set, for the IR spectral future predictions for unknown compounds of this class.
